II. ULTRASMALL PHOTONIC CRYSTAL PD
Figure 1 (a) shows a schematic of our PhC-PD, consisting of an InP PhC wavegUide, a BH for embedding the InGaAs absorber, and a lateral p-i-n junction [5] . The absorber was deSigned with a thickness of 150 nm, a width of 400 nm, and lengths of only 1.7 11m. A lateral pi-n junction was formed by Zn diffusion and Si ion implantation for the p-and n-type doping, respectively. The PhC airholes were formed by EB lithography and Cl2-based dry etching. After metallization, the InA lAs sacrificial layer beneath the PhC slab was etched to form an air-bridge structure. Figure 1 (b) shows a crosssectional SEM image, indicating a flat surface thanks to the successful butt-jOint regrowth. The small dimensions of absorber and the p-i-n junction, the junction capacitance should be down to the fF level, as shown in is less than 0.2 fF for Labs < 311m. However, for an ultrasmall junction, the fringing field contribution of the junction Copyright@IEICE OECC/PS2016 also becomes significant, and hence it is important to include the fringe capacitance [6] . This contribution was simulated by the FEM with a full 3-D model excluding the large electrical pads, and the total capacitance becomes higher than that of the parallel plate model. The total capacitance of our PhC-PD is still < 1 fF, which is still much smaller than those of the Ge-waveguide PDs with 4-5 fF [7, 8] .
We evaluated a photoresponse of the PhC-PD. The dark currents were approximately < 1 00 pA and 15 nA for bias voltages of -2 and -10 V, respectively. We successfully estimated a large optical responsivity of 0.98 A/W even for a short absorber length of 1.7 /lm. Specifically, our BH formation does not increase the non-radiative carrier recombination loss thanks to the successful butt-joint epitaxial growth. Figure 2 shows the operation dynamics of our PD, into which we injected an intensity-modulated optical signal with a peak power of 100 /lW. The clear eye opening was observed for 40-Gbit/s nonreturn-to-zero (NRZ) signals generated with a 2 31 _1 pseudo-random bit sequence. As shown in the small-signal responses for different reverse bias voltages, the 3-dB bandwidth was 28.5 GHz when the bias voltage was -12 V. This bandwidth suggests the capability for a bit rate of around 50 Gbit/s for an NRZ signal, which agrees with the observed eye diagram. 
III. A RESISTOR-LoADED PD FOR ON-CHIP LIGHT-TO-VOLTAGE CONVERSION
The ultrasmall capacitance of our PD enables us to connect it with a high load resistance without amplifiers to convert photocurrent to voltage while keeping a large RC bandwidth. However, there has never been a report evaluating the on-chip light-to-voltage conversion dynamics of resistor-loaded nano-PDs. The experimental difficulty is that a conventional measurement using an oscilloscope/network analyzer with an additional electrical pad would hinder correct device evaluation, because their impedances are generally lower than the device load, or 50 Q in most cases. This makes it difficult to measure the voltage across the load. (Note that direct connection with a high-impedance CMOS gate would be available as a photoreceiver in on-chip-com application.) In our measurement, we employed an electro-optic (EO) probing technique [9] . When we prepared the sample for EO probing, our PhC-PD was connected to a load resistor R 10ad with a gold strip line with a length LstriP' as shown in Fig. 3 (a) .
The experimental setup for EO probing is shown in Fig. 3(b) . Sinusoidal modulated light (50 MHz) was injected into the PhC-PD. Photo current flows into the load resistor, and generates a modulated electric field (proportional to the voltage) between the strip lines. An EO probe consisting of an optical fiber with an EO crystal (ZnTe) was brought towards the strip line. CW light (A = 1.55 /lm) was separately injected into the EO probe and sensed the modulated electric field via the EO crystal. By combining a polarization beam splitter and a balanced photoreceiver, the polarization change of CW light was detected as an EO probing voltage. Before the device measurement, the EO probing voltage for AC voltage applied to the strip line was acquired to obtain the correspondence between two voltages. Thereafter, we replaced the reference with a PhC-PD sample to evaluate the photo-generated voltage.
Figure 3(c) shows the light-to-voltage conversion efficiency 'IlLV for PDs with different R 1oad ' The generated AC voltage Vpp clearly increased when R 10ad was larger. A maximum 'ilLY = 3.95 kV/W was achieved for R 10ad = 8.8 kQ. These results show that an optical power of 50 /lW can generate the Vpp = 200 mV that is required for a CMOS inverter [10] . On the other hand, the operation bandwidth should be limited by RC, although a gold strip line and a pad with a much larger capacitance than the PhC-PD were included in our sample because they were necessary for EO probing. Another figure we evaluated was the product of 'ilLY and iRe, which are in a trade-off relationship, because they are proportional to R10ad and (Rpd+Rloadrl, respectively. This efficiency-bandwidth product (EBP) [VlW·Hz] 
(= [VI]]) can
indicate the optical energy needed to generate the required voltage, regardless of the bit rate of the optical signal. The EBPs are denoted by green plots on the right vertical axis in Fig. 3 (d) . A shorter Lstrip enhances the EBP because iRe increases while 'ilLY remains constant (See Fig. 3(c) ). The EBP values were in the 4-5 x 1011 and 2-3 x 10 12 VI] ranges for LstriP = 2.5 and 0.2 mm, respectively. As a result, they can be translated to a required optical energies of 200 and 33 fJ/bit for Lstrip = 2.5 and 0.2 mm, respectively, to obtain v;,p = 200 mV with an NRZ optical signal. We also theoretically discuss an ideal case where there is no parasitic capacitance. The bold dashed curves in Fig. 3(d) denote iRe and EBP in an ideal situation calculated by assuming only a PD junction capacitance of C = 0.6 fF. This makes the bandwidth higher than 10 GHz, which should be practically acceptable. Subsequently, the expected EBP exceeds 10 14 VI]' corresponding to a required optical energy of less than 1 fJ/bit. These performance levels significantly surpass the performance of a conventional PD-TIA circuit. Such a situation can be realized by removing the strip line and the pads used in the experiment, because they were just needed for the EO-probing measurement. Our experimental and theoretical results for an ultrasmall PhC-PD have revealed the feasibility of an amplifier-less photoreceiver on a chip with a practically acceptable size, efficiency, bandwidth, and power consumption. 
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